Abstract-Number of people with traumatic injury related to hand amputation is rising up day by day and it causes them to experience a lot of problems, especially in performing their daily life activities. There are many prosthetic hands that have been developed to assist people to do the activities like a normal person. The feature of the hand robot structure is the main issues to be studied in order to construct a user-friendly and highperformance device. There are various considerations must be taken in order to identify the best type of material of the hand robot structure such as material durability, size, weight and fabrication cost. The objective is to present the static analysis of exoskeleton robotic hand structure for the evaluation on the selected material used such as aluminum and acrylonitrile butadiene styrene (ABS). From this, the effect of the material to the strength of the structure is observed. The 3D drawing and the static analysis of the hand robot structural design are performed by using Autodesk Inventor Professional software. The static analysis is focused on the safety factor evaluation of the structure by referring the ratio between the strength of the finger structure and the force (load) with a direction exerted on the tip of it. Hence, the maximum load withstood by the structure with the respective material can be determined. The results have shown that the maximum force that can be withstood by aluminum hand robot structure is much higher than ABS hand robot structure. The findings have shown that aluminum finger structure is able to withstand less than 3KG of load for no damage on the structure. Thus, the strength of robot structure is effected by the type of the material used and aluminum is more durable than ABS.
I. INTRODUCTION
There are over 350,000 numbers of registered disabled people under the Social Welfare Department and 34% of this number were registered under handicapped people which is physical disabilities such as upper limb amputees and paralysed [1] . Some of them experienced the upper limb amputees that caused by warfare, accidents or birth defects. These people went through a lot of problems in their daily life activities which involved the uses of hand such as grasping and lifting an object. Hence, several prosthetic hands have been developed that is similar to the actual human hand that can be controlled by myoelectric, kinematic and cosmetic prosthetic hand to sweep over this issue. In order to fulfil the characteristics, some aspects need to be considered such as material weight, material strength, material durability, and the cost of material. Metal is the most material used for the application due to its characteristics [2] . The strength of the material used in the structure can be determined by measuring the safety factor of the structure when a specific amount of force is exerted on it. A safety factor of the structure can be obtained by doing static analysis that is available in Autodesk Inventor Professional software. Thus, the most suitable material used in this application and the maximum force that can be withstood by the structure are obtained. In the robotic hand development field, ABS and aluminum are usually used for the robot structure and there are several robotic hands that use the ABS material for its structure such as HEXOES (Hand Exoskeleton with Embedded Synergies) and Cyber Hand [3] , [4] . For Touch Bionics's i-LIMB aluminum is used [5] .
II. BACKGROUND STUDY

A. Structure of the human hand
The normal human hand consists of five fingers known as thumb, index, middle, ring and baby fingers. Each finger has joints and bones. In order to perform the movement, there are degree of freedoms (DOFs) must be considered. The DOFs are located at each of interphalangeal joint of the finger and named as distal, proximal and palmar as shown in Fig. 1 . The movements are produced at interphalangeal joint. As shown in Figure 1 , palmar interphalangeal is not located only at thumb [6] while the DOFs are assigned by number as recorded in Table I . 
B. Mechanical design of finger
Most common mechanism and actuators used for hand robot are the pulleys and the actuators; pneumatics, hydraulics and DC motor [7] - [11] . The servo motor is chosen due to its simplicity, small in size, light in weight, easy to control the rotation angle and can exhibit DC motor characteristics such high torque, easy to control and has low cost [9] , [10] . The mechanical design of the finger is shown in Fig. 2 . The joints of the finger are named as DOF1, DOF2, and DOF3 which is dependent on each other as each of the joint is coupled by the joint coupling connector. For example, the joint of DOF1 and DOF2 are coupled by joint coupling connector A. While the joint of DOF2 and DOF3 are coupled by joint coupling connector B. Note that, the joint of DOF3 and the servo motor shaft are coupled with joint coupling connector C. Thus, angular movement of the DOF3 is equivalent to the servo motor because the length of extension a and b are identical. Fig. 3 has shown the condition of the finger when it is performing the grasping operation. The range of motion (ROM) of each joint of each finger is shown in Table II as below. The range of motion is limited by using mechanical stoppers as shown in Fig. 4 in order to ensure the robot is not exceeding the normal motion of the normal human's hand. Mechanical stopper I is used to limit the motion drawn by servo motor and to avoid the pin of joint coupling connector from being damaged while mechanical stopper II is used to limit the finger motion. The Autodesk Inventor Professional 2016 is a computer-aided design software and is used to design the exoskeleton robotic hand. The adult's right hand is used as a reference for the design [12] . The robotic hand design is shown in Fig. 5 . Note that, the robot hand has five active digits: thumb, index, middle, ring and baby fingers. In order to reduce the number of DOF and to allow the robot to be able to do the basic grasping operation, the thumb is designed at intermediated angle 45 to the palm as shown Fig. 6 . The actuator used in this study is the servo motor. There are five motors needed for this hand robot and one motor for each finger. The finger mechanism is connected to the servo motor shaft by using the joint coupling connector. Hence, the finger motion can be performed by pulling and pushing the joint coupler produced by the motor shaft. The motors are attached to the hand robot frame as shown in Fig.  2 .
A. Static analysis on the structure
The safety factor evaluation for the structure is one of the methods that is featured in the static analysis. The safety factor is the ratio between the strength of the material and the force (load) with direction exerted on it. The evaluation is performed on the robot hand's finger structure by applying a force with direction of 90 ͦ towards on distal interphalangeal as shown in Fig.7 . Hence, the maximum force of the load that is withstood by the structure and the respective material can be determined. Besides, the colour legend which represents the safety factor ratio for the specific area of the structure can be obtained as shown in Fig.8 . When the safety factor value is less than one which is in the region of green yellowish to red (<1), it is considered as dangerous and the structure is in the breaking stage. When the safety factor value is more than one which is in the region of green to blue (>1), it is considered as safe condition. The simulation is performed by using Autodesk Inventor Professional software. The information on the material used such as the direction, area of the force applied and the positions of structural constraints are needed for the simulation. In this paper, the safety factor for two different materials such aluminum and ABS will be compared on the same structural design. Hence, the effect of the material to the strength of the robot structure can be observed. ABS is the lightweight material, with a density of 1.08 grams per cubic centimetre but it is not as good at conducting heat while aluminum is better in conducting heat, with a density of 2.7 grams per cubic centimetre which slightly heavier than ABS for the same size. Besides, ABS is the cheaper material than aluminum. Fig.9 shows the safety factor profile of the ABS robot structure when the maximum load 1.5KG is applied on the tip of the finger. But in other hand, pin (A) that has been used for making the hand robot is made up of steel material, neither aluminum nor ABS material. Pin(A) is used to connect the joint coupling connector to the palmar interphalangeal which cause the DOFs movement when the proximal phalanx is moved. Hence, pin (A) is the most critical component as it is much easier to be bend compared to other component of the hand robot. The illustration has shown the most critical component of the hand robot by referring to the colour legend on the safety factor profile which is the pin (A) while other compartments are considered in good condition. The blue colour indicated that the component is in really good condition and is ranging down to green colour and it is still considered in a good condition. The safety factor value for the good condition is equivalent to more than one (>1) as stated in colour legend at the left side of Fig.9 . But as the green colour ranging down toward yellowish green and yellow, the component is considered as critical point where the bending process can be happened. The critical value for the safety factor is below one (<1) as stated in the colour legend. Hence, the simulation for the safety factor is proceeded to the main part of the critical component which is the pin (A) by using two different materials of the structure: aluminum and ABS material and tested with different load arrangement.
IV. RESULTS AND DISCUSSION
Force direction
Fixed constraint Fig.9 . Static analysis on the ABS robot structure when 1.5KG load is applied on the tip of finger structure Based on Table III , for material ABS, the maximum critical point for pin (A) has started to happen and bend at 1.5KG of load with value of safety factor at 0.99 which is <1 while the other components of the structure are still in a good condition at 1.5KG of load with value of safety factor more than one,>1. But, by simulating the hand robot with aluminium, the maximum critical point for pin (A) has started to happen and bend at 3KG of load with value of safety factor at 0.97 which is <1 while all the components of the structure are still in a good condition at 3KG of load with value of safety factor more than one,>1. The two material has different capability to withstand the amount of load is because of the differences at the flexibility of the material which can be observed from the simulation due to its displacements of the structure when the load is applied. Once the structure is bending, the tension is produced at joint coupling connector and caused the pin (A) is pulled to the direction as shown in Fig.9 . Hence, the pin (A) will be damaged. 
V. CONCLUSION
The simulation that is based on the static analysis has shown that the most optimum material for the structure of the exoskeleton robotic hand is aluminum compared to ABS. The findings have shown that aluminum can withstand a load of less than 3KG while ABS only can withstand less than 1.5KG of load. Thus, the aluminum finger structure is more durable than ABS finger structure. For recommendation, the pin of joint coupling connector should be changed into the bigger size and highly durable material such as titanium and tungsten. For more accurate information, the load test will be performed on the various type of material and on the actual hand robot prototype. 
